Probing of the quantum dot size distribution in CdTe-doped glasses by photoluminescence excitation spectroscopy We studied confinement effects in CdTe quantum dots by means of photoluminescence excitation spectroscopy. We show that by changing the detection energy we can resolve the spectrum of quantum dots of different sizes inside their much broader size distribution in CdTe-doped glass. The spectra obtained show several well-resolved lines. There is excellent agreement between the photoluminescence excitation spectra peak energies and calculations of the confined energy transitions based on a modified multiband envelope function model. © 1995 American Institute of Physics.
Quantum-confinement effects in nanocrystallites in semiconductor doped glasses have attracted a significant amount of interest in the last few years. This interest arises because of the great potential of these materials for optical device applications due to their nonlinear optical properties. 1-6 The confinement effects have been studied mainly in CdTe x S 1Ϫx and CdSe x S 1Ϫx nanocrystallites by absorption, photoluminescence, and Raman scattering measurements. [7] [8] [9] [10] [11] [12] [13] [14] Transient absorption measurements have shown that photoexcited electrons and holes are trapped very fast, in a femtosecond timescale, by surface states and then recombine from these states resulting in a long-lived luminescence, in a nanosecond or microsecond timescale, [15] [16] [17] and sometimes even minutes when there are deep traps ͑photodarkening effect͒. 4 In this letter we show that photoluminescence excitation ͑PLE͒ spectroscopy can be used as a probe of the quantum dot size distribution in CdTe-doped glasses. We obtain PLE spectra showing several well resolved lines, which were only suggested by the usual absorption spectra. 7 We were able to study the confinement as a function of the quantum dot size, with only one sample, just by changing the energy used to detect the photoluminescence. The spectra of different samples detected at the same energy are similar, whereas spectra detected at different energies for the same sample are blue shifted as detection energy increases. We present also a calculation of the quantum confined energy transitions based on a modified envelope function formalism 18, 19 which agrees well with the experimental data.
The glass samples were prepared by melting a glass host containing SiO 2 , B 2 O 3 , Na 2 O, and ZnO mixed with CdO and metallic Te. The semiconductor nanocrystallites are produced by a subsequent heat treatment. We studied four samples annealed at 580°C for 25, 50, 95, and 170 min. The samples annealed for longer times present larger nanocrystallites.
We have performed measurements using a white lamp and a monocromator as the excitation source and detection was obtained with a photomultiplier and a Spex double spec-trometer. Figure 1͑a͒ shows the photoluminescence and absorption spectra for the 170 min sample. The photoluminescence measurements were performed at 2 K with excitation at 514 nm. The absorption spectrum was measured at room temperature and is shifted by 0.174 eV 20, 21 to be compared with the photoluminescence spectra. Note that the photoluminescence spectrum shows just a shoulder at the absorption band edge, indicating that the main peak is from recombination of carriers in the surface traps. [15] [16] [17] Figure 1͑b͒ illustrates these transitions. Photoluminescence and absorption spectra for all samples are similar but the peaks shift to higher energy as annealing time decreases, indicating a shift to lower sizes of the quantum dot size distribution. The CdTe quantum dot mean radii obtained from the peak of the ab-a͒ Electronic mail: adepaula@ifi.unicamp.br FIG. 1. ͑a͒ Photoluminescence ͑PL͒ and absorption ͑ABS͒ spectra for the 170 min sample. The photoluminescence spectrum was measured at 2 K with excitation at 514 nm. The absorption spectrum was measured at room temperature and is shifted by 0.174 eV to be compared with the photoluminescence spectra; ͑b͒ schematic diagram showing the first confined ͑thick lines͒ and trap energy levels ͑thin lines͒ for quantum dots of two different sizes. sorption spectra considering the quantum confinement energies given by the envelope function model described below are 3.6, 4.2, 4.6, and 5.0 nm for the 25, 50, 95, and 170 min samples, respectively.
We obtained a series of PLE spectra for each sample only by tuning the detection energy over all the spectral range of the photoluminescence spectrum. Figure 2 shows some spectra for the 170 min sample. For detection energy below the main photoluminescence peak we observe a PLE spectrum with a broad feature, whereas for detection energy at the high tail of the photoluminescence spectrum we observe PLE spectra with well-resolved peaks. The photoluminescence peak is mainly due to the recombinations of carriers in surface traps, therefore the PLE detects photoluminescence coming from all quantum dots with the first band-to-band transition energy higher, but not lower, than the detection energy, see Fig. 1͑b͒ . As a result the PLE spectra obtained at the high-energy side of the luminescence peak probe a narrower size distribution with better resolved lines than the low-energy one. Thus we get different spectra for the same sample just by changing the PLE detection energy, i.e., we are probing the quantum dot size distribution within the sample. All samples studied show a similar series of PLE spectra.
In Fig. 3 we present the PLE spectra detected at energy 1.97 eV for the four samples studied. The spectra at the same detection are similar for all samples. Although the samples present different nanocrystallite size distributions, we are probing the quantum dots of the same size in each sample.
The simple effective mass approximation considering a particle in a spherical infinite well 22 cannot explain all the observed transitions. Forbidden transitions would be needed to describe all the observed lines. Thus we performed calculations of the quantum confined transitions based on a modified multiband envelope function model. 18, 19 This model considers the total angular momentum F ͑the sum of the Bloch functions J and the envelope functions L angular mo-menta͒ as a basis for writing the k-p operator. In this basis the Luttinger Hamiltonian is block diagonal with blocks defined by Fϭ1/2, 3/2, 5/2,... . We further diagonalize algebraically the Fϭ1/2 and Fϭ3/2 blocks, Eqs. ͑4͒ and ͑5͒ of Vahala and Sercel, 18 respectively, and we get the quantum confined levels applying boundary conditions for an infinitely high spherical confining potential. This boundary condition, i.e., the wave functions being zero outside the quantum dot, may be valid even when the barriers are finite, because the amorphous glass outside the quantum dots will tend to kill the wave function in one or two atomic spacing.
The lower electron states are the Fϭ1/2 states with even and odd parity, respectively, which we denote as e ϩ and e Ϫ , and the highest hole states are the first and second Fϭ3/2 states with odd and even parity, respectively, denoted by h 1Ϫ , h 1ϩ , h 2Ϫ , and h 2ϩ followed by the Fϭ1/2 splitoff state with odd parity, so Ϫ . Only even-to-odd or odd-to-even transitions are allowed, thus the first five allowed transitions, in increasing energy order, are the h 1Ϫ →e ϩ , h 2Ϫ →e ϩ , h 1ϩ →e Ϫ , h 2ϩ →e Ϫ , and so Ϫ →e ϩ , respectively. Figure 4 shows the calculated transitions energies as a function of the inverse of the square of the quantum dot radius. The symbols ͑squares, up triangles, circles, down triangles, and diamonds͒ are the measured transition energies obtained from the series of PLE spectra for the 170 min sample. To compare the calculated and measured transition energies we have chosen the quantum dot radius to adjust the first measured transition energy, i.e., a calibration of the quantum dot size probed in each spectrum. The other parameters used in our calculations are the Luttinger parameters ␥ 1 ϭ6.5, ␥ 2 ϭ2.0, the Kane matrix element E p ϭ17.4 eV, the CdTe band gap of 1.606 eV, and splitoff energy of 1.0 eV. These values of ␥ 1 and ␥ 2 give for the heavy and light hole masses 0.4 m 0 and 0.1 m 0 , respectively, which is in good agreement with tabulated CdTe values. 21 We should stress that after matching the first calculated and measured transition energies, all other calcu- lated transitions fit the measured energies extremely well, with no other adjustment.
In conclusion we present PLE measurements in CdTedoped glass samples and we show that by tuning the detection energy through the energy range of the photoluminescence peak we can probe the quantum dots of different sizes within the various samples. We get PLE spectra showing several well-resolved lines and obtain an excellent agreement between the PLE spectra peak energies and calculations of the confined energy transitions based on a modified multiband envelope function model. FIG. 4 . Calculated transition energies as a function of the inverse of the square of the quantum dot radius a ͑full lines͒. The symbols ͑squares, up triangles, circles, down triangles, and diamonds͒ are the transition energies measured from the PLE spectra for the 170 min sample. e ϩ and e Ϫ stand for the electron even and odd parity Fϭ1/2 states, respectively, h 1Ϫ , h 1ϩ , h 2Ϫ , and h 2ϩ stand for the first and second Fϭ3/2 hole states with odd and even parity, respectively, and so Ϫ is the odd parity Fϭ1/2 splitoff state.
